A particulate D-amino acid dehydrogenase has been partially purified from cell free extracts of Pseudomonas aeruginosa grown on DL-valine as the source of carbon and energy. A standard assay was developed which utilized 2,6-dichlorophenolindophenol as the electron acceptor. The pH optimum for enzyme activity ranged from 6.0 to 8.0, depending on the amino acid assayed. The enzyme was most active with monoamino-monocarboxylic amino acids and histidine. The Michaelis constant for D-phenylalanine was found to be 1.3 X 10-3 M D-phenylalanine. Constants could not be calculated for the other amino acids oxidized because anomalous plots of V as a function of V/S were obtained. Spectra of enzyme preparations reduced with D-valine or sodium hydrosulfite exhibited adsorption bands typical of the a, j, and y bands of cytochromes as well as bleaching in the flavin region of the spectrum. When DL-valine was added to a medium with glycerol as the energy source, D-amino acid dehydrogenase was detected after the addition of valine and was produced at a rate directly proportional to the synthesis of total protein. The enzyme was formed when D-valne, L-valine, or DL-alanine was the source of carbon and energy, but not when glucose, glycerol, or succinate was the energy source.
Early studies of the oxidation of D-amino acids by bacteria were made by Bernheim et al. (1) with whole cells of Proteus and by P. K. Stumpf and D. E. Green (Federation Proc. 5:1 157, 1946) with a cell-free extract prepared from Proteus morganii. The latter authors were the first to show that oxidation of amino acids by bacterial enzyme preparations utilized one atom of oxygen per mole of amino acid oxidized. This result is characteristic of D-amino acid oxidation by bacterial enzyme preparations and probably reflects the close association of the oxidase with the cytochrome system in these organisms. Yoneya and Adams (16) , described an enzyme in Pseudomonas striata which catalyzed the oxidation of D-allohydroxyproline and which was induced by growth on L-hydroxyprohne to Al-pyrroline-4-hydroxy-2-carboxylate, which was then oxidized to a-ketoglutarate. Tsukada (13) purified two separate D-amino acid dehydrogenases from P.fluorescens; one was constitutive and utilized 2,6-dichlorophenol-indophenol as the electron acceptor; the other was induced by growth on D-tryptophan and utilized methylene blue as the electron acceptor.
Reports from our laboratory have shown that P. aeruginosa was able to grow in a medium with DL-valine as the sole carbon source. Growth in this medium resulted in ability of the organism to oxidize several D-amino acids, which could be demonstrated by the reduction of a dye when purified cell membrane preparations were incubated with D-alanine (8) or by the uptake of oxygen when sonic extracts were incubated with a number of D-amino acids (9) . To evaluate the role of D-amino acid oxidation in the growth of P. aeruginosa on valine, we undertook the characterization of the enzyme responsible for the oxidation of D-amino acids and of the conditions which cause its induction.
MATERIALS AND METHODS
Organism and cultural conditions. The strain of P. aeruginosa used in these studies was the same strain used in earlier studies; it was grown in an inorganic salts medium with a single carbon source, as specified in the next paragraph, and was maintained in the same medium with 0.3% DL-valine as the carbon and energy source (8) . The organism was grown in 14-liter batches of medium with aeration in a biO-Kulture fermentor produced by Fermentation Design, Inc., Fogelsville, Pa. When the culture approached stationary phase, the cells were harvested by means of the continuousflow attachment to the Sorvall RC-2 refrigerated centrifuge. The cells were frozen and kept at -15 C.
For the studies reported in Table 4 , 1 ml of a culture of P. aeruginosa in 0.1% glycerol medium was used to inoculate 50 ml of a medium containing 0.3% of either D-valine, L-valine, DL-alanine, glucose, suc-MARSHALL AND SOKATCH cinate, or glycerol. The increase in cell population was followed by measuring the increase in turbidity, and, as the culture approached the stationary phase, the organisms were harvested by centrifugation, resuspended in 90 ml of water, centrifuged again, and finally suspended in 15 ml of phosphate buffer (0.05 M, pH 8.0). Cell-free extracts of the organism were prepared by sonic oscillation as outlined under Enzyme purification.
In the study of the kinetics of induction of n-amino acid dehydrogenase, 10 liters of medium with 0.3% glycerol as the energy source was inoculated with 1 liter of a culture grown in the same medium. The change in turbidity ofthe culture was followed spectrophotometrically, and 10 g of DL-valine was added in 150 ml ofwater after 7 hr ofincubation, by which time the turbidity began to increase noticeably. Samples When amino acids other than valine were used in the standard assay, the phosphate-glycine buffer was adjusted to thepH which was optimal for the reduction of 2,6-dichlorophenol-indophenol with that amino acid.
The protocol for the standard assay was also used for the determination of the pH optima for the oxidation of the amino acids tested. The pH values were adjusted from 5.0 to 10.0 with 0.5 pH unit increments. A phosphate-acetate buffer was used for pH values below 6.0. The protocol for the studies of substrate specificity was similar to that used in the standard assay, except that 100 ;pmoles of amino acid were added and 300 pumoles of phosphate buffer (pH 7)
were used in a reaction volume of 3.0 ml.
Studies of the absorption spectra of oxidized and reduced enzymes were carried out in Thunberg tubes fitted with quartz cuvettes. The reaction mixture contained 7.9 mg of enzyme, 10 pmoles of D-valine or a few crystals of sodium hydrosulfite, 0.6 ml of glycerol, and water to a volume of 3.0 ml. The cuvettes were evacuated and sealed, and valine or sodium hydrosulfite was tipped in from the side arm. Optical densities of oxidized and reduced enzyme preparations were read from 400 to 625 m,u at intervals of 5 my, except in the region 510 to 580 m,u where readings were made at intervals of 2 m,u. The enzyme preparations were read against a blank containing water and glycerol, and difference spectra were obtained by subtracting the readings of the oxidized enzyme from the readings of the reduced enzyme preparations.
Analytical and chemical methods. Protein concentration was determined by the method of Waddell (14) . The substrates used in this study were all commercial preparations, and the amino acids were chromatographed before use by the method of Redfield (10) . It was necessary to recrystallize methionine from aqueous solution before use. L-Valine used to induce formation of n-amino acid dehydrogenase was first treated with hog kidney n-amino acid oxidase (2) to remove any contaminating D-valine. L-valine was recovered by dialysis of the incubation mixture against a known volume of water, and this solution was then used to prepare the growth medium. The concentrations of D-amino acids in solutions used for kinetic studies and studies of substrate specificity were determined by oxidation with hog kidney n-amino acid oxidase (2) , except in the case of D-histidine and Dallohydroxyproline; the concentrations of the latter two amino acids were estimated by a determination of the nitrogen content of the solutions (6) .
RESULTs
Purification of D-amino acid dehydrogenase. The rate of dye reduction in the standard assay was directly proportional to enzyme concentration up to a rate of 5 m,umoles 2,6-dichloro- (Fig. 1) , and the enzyme concentration in assays was adjusted so that the rate would not exceed this value. Cyanide was required in the assay; it presumably functioned by inhibiting the action of the cytochrome system which competed with the dye for electrons. This assay was more sensitive than the earlier manometric assay (9) and could be used with crude enzyme preparations with appropriate corrections for endogenous enzyme activity. When Tris buffer was used, no activity was obtained with D-valine as the substrate. This observation explained the failure to detect D-valine oxidation in an earlier study where a dye reduction assay was used to measure D-alanine oxidation by cell membranes of P. aeruginosa (8) .
Purification of the enzyme by the procedure outlined in Materials and Methods yielded a preparation which was 10-to 13-fold purified, as determined by assay with either D-valine or D-phenylalanine ( Table 1 ). The enzyme was exceedingly unstable (100% of the activity was lost after 40 min at 37 C); consequently, all determinations were made on the same day the enzyme was prepared. When the partially purified enzyme was centrifuged for 1 hr at 100,000 X g with a Spinco model L centrifuge, all of the activity was found in the pellet.
Optimal pH. The pH optimum for enzyme activity ranged from 6.0 with D-methionine and D-alanine to 8.0 with D-valine ( Table 2 ). The pH optimum for valine oxidation in the manometric assay was close to 9.0(9). (Fig. 3) . Maxima were also observed in the region of 525 and 555 mA in the case of enzyme preparations reduced either with valine or hydrosulfite. Plots of difference spectra revealed peaks due to a, ,B, y bands at 552, 522, 425, and 422 m,u (Fig. 4) . These spectra indicate that the main cytochrome present in these preparations is cytochrome c, although occasionally a shoulder was observed at 560 m,u, suggesting the presence of cytochrome b. In studies with cell membranes from this organ- (8) . Bleaching was evident in the region of 450 mrn, which may be due to the reduction of flavin (11) .
Kinetics of induction of D-amino acid dehydrogenase. P. aeruginosa was inoculated into 10 liters of medium with glycerol as the energy source, and, when the culture entered the exponential phase of growth, DL-valine was added as an inducer of D-amino acid dehydrogenase. Samples of the culture were withdrawn, and sonic extracts were prepared and tested for the presence of D-amino acid dehydrogenase as outlined in Materials and Methods. There was no detectable D-amino acid dehydrogenase before the addition of the inducer, but it appeared promptly after the addition of DL-valine (Fig. 5) . Enzyme activity was proportional to the protein concentration; that is, enzyme was synthesized as a constant fraction of the protein formed by the growing culture. These are the usual kinetics obtained in studies of the formation of induced enzymes (4) .
Effect of the energy source on the formation of D-amino acid dehydrogenase. P. aeruginosa was grown in media with different energy sources, and enzyme extracts were tested for their ability to oxidize both isomers of valine, alanine, phenylalanine, methionine, and histidine (Table 4) . Extracts prepared from cells grown on glucose, succinate, or glycerol were unable to oxidize Damino acids. However, cells grown on either isomer of valine or in DL-alanine medium catalyzed the oxidation of the D-but not the L-amino acid substrates (Table 4 ). It is interesting that growth on either isomer of valine resulted in induction of the oxidase, since P. aeruginosa does not contain valine racemase (9) . 
DIscussIoN
It has been established that the D-allohydroxyproline oxidase of P. striata functions in the metabolism of hydroxyproline by this organism, since the D-isomer is an obligatory intermediate in the metabolism of hydroxyproline (16) . The results reported here show that the D-amino acid dehydrogenase of P. aeruginosa is a particulate enzyme which is induced by growth on DL-valine. Since the organism can also grow in media with D-valine as the sole carbon source and not containing valine racemase, it seems reasonable to conclude that the D-amino acid dehydrogenase of P. aeruginosa functions by catalyzing the oxidation of D-valine when this isomer is present in the medium. This may also be true of the D-amino acid dehydrogenases of P. fluorescens, although one of the two enzymes studied by Tsukada was constitutive (13) . The question of why a general D-amino acid dehydrogenase should be of benefit to an organism is still unanswered, however. A number of naturally occurring D-amino acids are known, yet one of the most common, D-glutamate, is not attacked by any of the enzymes mentioned above.
There are several similarities among the enzymes from kidney (7), P. fluorescens (13) that flavin adenine dinucleotide is also the prosthetic group of the bacterial enzymes, but there are no reports of the reactivation of an apoenzyme. Tsukada showed that the oxidized forms of both enzymes which he studied exhibited absorption bands in the region of 450 mj,, which disappeared when D-leucine was added. The absorption spectra of the particulate enzyme of P. aeruginosa also exhibited bleaching at 450 mu when reduced with D-valine.
